Theoretical Investigations of the Roles of Protonation and Hydrogen Bonding in the Rearrangements of 4,6-and 4,5-Fused Cyclobutenamides
4,6-Fused Cyclobutenamides
The computed barrier for the Nazarov cyclization of cis,trans-cyclooctadienone 2-E,E is prohibitively high (TS7, ΔG ‡ = 47.5 kcal/mol, see Figure 2 of the paper). We propose that the cyclization is accelerated by protonation of the carbonyl oxygen, and that the source of the proton is an adventitious water molecule. Experimental evidence supporting the notion of H + catalysis is found in the observations that the thermal rearrangement of cyclobutenamide 1 to 5,5-bicyclic product 3 is inhibited by either base or 4 Å molecular sieves (Table 1 , entries 4 and 5).
We explored the possibility that the barrier for the Nazarov cyclization step could be lowered by hydrogen bonding between the carbonyl oxygen of 2-E,E and a water molecule. The energy profile for such a process is shown in Figure S1 . Hydrogen bonding to the carbonyl oxygen in the TS for Nazarov cyclization ([H 2 O]TS7) is predicted not to be sufficiently stabilizing to allow the Nazarov cyclization to proceed at an experimentally significant rate. The barrier is lowered by only 5.8 kcal/mol compared to the thermal reaction. Additionally, complexation to a single water molecule is disfavored by over 7 kcal/mol ( Figure S2 ). Figure S1 . Free energy profile for rearrangement of 4,6-fused cyclobutenamide 1 as a hydrogenbonded complex with a water molecule. ΔG in kcal/mol. Figure S2 . Equilibrium for water complexation to 1. 41 
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In light of these results, protonation appears to be the only feasible possibility for accelerating the Nazarov cyclization. Figure S3 shows the free energy profile for rearrangement of protonated cyclobutenamide [H + ]1, displaying not only the Nazarov cyclization step (reproduced from Figure 2 of the paper) but also the preceding ring-opening of cyclobutenamide 1 and the subsequent reactions of the 5,5-bicyclic species [H + ]7. The barrier for ring-opening of cyclobutenamide 1 is decreased by 11 kcal/mol upon protonation of the carbonyl oxygen (ΔG ‡ = 21.3 kcal/mol, cf. 32.3 kcal/mol for the uncatalyzed reaction). Therefore, H + catalysis of the ringopening of 1 cannot be ruled out. However, catalysis of this step is not an absolute requirement, as the uncatalyzed barrier is low enough to be compatible with the reaction temperature (100-120 °C). Figure S3 . Free energy profile for H + -catalyzed rearrangements of cyclobutenamide 1.
Protonation of the carbonyl oxygen need not occur solely at the level of the intermediate cyclooctadienone.
The starting cyclobutenamide may also be protonated. However, calculations ( Figure S4 ) indicate that the carbonyl oxygen is not the most basic site of cyclobutenamide 1; the enamide β-carbon is significantly more basic than oxygen. Moreover, C-protonation, if it occurred, would be expected to allow entry into the alternative rearrangement pathway that furnishes Ficini-type amido-dienes (see below). Experimentally, Ficini-type amido-dienes are not obtained during the thermal rearrangements of 4,6-fused cyclobutenamides 1. Figure  S3 ) has two possible fates: (i) it may undergo deprotonation (TS13) to give the observed 5,5bicyclic product 3, or (ii) it may undergo a 1,2-alkyl shift (TS14) to afford a bicyclic ketone (14) . The 1,2-alkyl shift is computed to be relatively facile (ΔG ‡ = 11.8 kcal/mol) and thermodynamically much more favorable (ΔG = -12.7 kcal/mol relative to 1) than deprotonation leading to 3 (ΔG = -1.6 kcal/mol). However, we find no experimental evidence for the formation of 14. Therefore, deprotonation of [H + ]7 must be rapid, with ΔG ‡ << 11.8 kcal/mol, to explain the observed formation of 3.
Rapid deprotonation of [H + ]7 is likely to require a strong base to be present in the immediate vicinity of the cation after it has formed. We propose that this base is OH -, which is derived from a water molecule that is the source of the proton that activates 2-E,E. Thus, the mechanism of the Nazarov cyclization is proposed to consist of the following steps: (i) an adventitious water molecule donates a proton to the carbonyl oxygen of 2-E,E (or to cyclobutenone 1 which undergoes ring-opening); (ii) Nazarov cyclization furnishes the ion pair of [H + ]7 and OH -; and (iii) OHthen rapidly deprotonates [H + ]7 to give 3 (either directly, or by initial O-deprotonation followed by tautomerization) and regenerate the catalyst.
C-Protonation of cyclobutenamides 1 is a plausible first step in a Ficini-type rearrangement leading to amido-dienes 16 ( Figure S5 ). The calculated barrier for ring-opening of the isomerized cyclobutenamide 15-anti (28.8 kcal/mol), leading to amido-diene 16-cis, is 4 kcal/mol lower than the barrier for ring-opening of cyclobutenamide 1 to cis,trans-cyclooctadienone 2-E,E (TS7, 32.3 kcal/mol, Figure 2 ). Experimentally, amidodienes 16 are obtained when 0.4 CSA is present in the reaction mixture, but not under thermal conditions. The isomerization of 1 to 15 is likely to be rate-limiting under thermal conditions (similar to the case proposed for the 4,5-fused system), explaining why Ficini's amido-dienes are not observed under thermal conditions.
Figure S5
. Rearrangement of 4,6-fused cyclobutenamide 1 to Ficini-type amido-dienes 16-cis and 16-trans. 
4,5-Fused Cyclobutenamides
We propose that the rearrangements of 4,5-fused cyclobutenamides 8 to amidodienes 12 are acidcatalyzed and that the mechanism of acid catalysis is analogous to that proposed for the 4,6-fused systems in Figure S5 . That is, the acid protonates the enamide β-carbon of 8 and the conjugate base then effects deprotonation α to the carbonyl group to give 11. Under the conditions used to effect thermal rearrangement (195 °C, xylenes) , the conversion of 8 to 11 is rate-limiting because the concentration of acid catalyst is minute. Deliberate addition of an acid catalyst (0.4 equiv CSA) accelerates the rearrangement to furnish an 85-92% yield of amido-dienes 12a-c in only 6 hours (see ref.
19 of the paper).
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Theoretical Calculations
Geometries were optimized at the B3LYP/6-31G(d) level of theory 1 in the gas phase. Vibrational frequency calculations were used to determine the nature of each stationary point (local minimum or first-order saddle point) and to compute unscaled zero-point energy and thermochemical corrections. Single-point energies were computed at the M06-2X/6-311+G(d,p) level of theory 2 in the gas phase on the B3LYP geometries. Solvation energies were computed from single-point calculations in implicit toluene using the SMD method. 3 The M06-2X potential energies were used in conjunction with the B3LYP thermochemical corrections and solvation energies to obtain free energies in solution. A standard state of 298.15 K and 1 mol/L was used.
Underneath the Cartesian coordinates for the optimized geometries are listed the following energies: 
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Computed Geometries and Energies
In each species below, the group NRX is modeled as NMe(SO 2 Ph). 
12-trans
The starting point for optimization of this molecule was the conformation observed in the X-ray crystal structure of 12c-trans. 
12-cis
The starting point for optimization of this molecule was the conformation observed in the X-ray crystal structure of 12c-cis. 
